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論 文 内 容 要 旨          
Recently, many countries have been damaged by the strong earthquake, such as the 2011 off the Pacific Coast of 
Tohoku earthquake and Christchurch earthquake in 2010 and 2011. Much liquefaction damage has been reported 
after such strong earthquake on the ground composed of silty sand with many fines as well as sands. Since Niigata 
and Alaska earthquake in 1964, methods for evaluating the possibility of liquefaction occurrence has been 
established and utilized in practice. However, a method for evaluating the post-liquefaction damage still insufficient. 
Although attempts to evaluate the post-liquefaction deformation have been made by researchers, most of them were 
developed based on clean sands. Thus, application of the methods to the soils containing fines requires examination 
on the effect of fines on the post-liquefaction deformation characteristics, but the effect is still remained unclear. 
Many density indexes have been proposed to present the density of soils, and relative density has been employed 
frequently. However, an application of relative density is restricted to soils containing fines less than a specific 
percentage (5 or 10%) owing to the restriction of a traditional method for maximum and minimum void ratios. In 
the research reported in this dissertation, an attempt was made to evaluate the post-liquefaction damage potential 
on the basis of the inspection of material properties, the development of a new laboratory testing method, and 
examination on the effect of non-plastic fins. 
The behavior of soils depends not only on the physical nature of soils, but also on the physical state of soils. The 
physical nature of soils is generally described by material properties such as grain size distribution, fines content, 
particle shape, mineralogy, etc. The state of soils indicates the physical condition where soil exists. Minimum void 
ratio indicates the state of soil where the most densely packed under certain condition. Thus the difference between 
initial void ratio and minimum void ratio implies the potential of deformation. However, the routine test method for 
evaluating minimum void ratio is not appropriate for the soils containing fines more than 5%, and the effect of pore 
water has not been considered. The minimum void ratio of soils containing fines was investigated using an automatic 
void ratio apparatus developed, in this study, to eliminate the differences in execution. It is possible to continuously 
measure the variation in void ratio during the test by means of the displacement gauges installed above the mold. 
The effect of a blow count and pore water on the minimum void ratio was examined with samples prepared 
artificially by mixing the materials at diverse percentages and with natural silty sands sampled in the field. The 
results showed that, the blow count of routine methods (JGS) is insufficient to estimate the minimum void ratio of 
the soil containing fines, extended application of the method requires caution. In addition, water immersion 
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minimum void ratio was smaller than that of dry one when materials containing many fines (Fig.1). A difference 
between dry and water immersion minimum void ratio varied with type and content of fines. This result revealed 
that dry minimum void ratio, which has been used widely, may underestimate the minimum void ratio (maximum 
density) of soils because the target ground for assessing liquefaction is saturated. A state of real ground 
corresponding to minimum void ratio obtained by routine methods (JGS) is not defined. So, in this study, a concept 
of cyclic minimum void ratio, which is assuming the minimum void ratio obtained by repetition of liquefaction and 
drainage, was introduced. Cyclic liquefaction and drainage test was performed to examine the cyclic minimum void 
ratio, and the effect of strain amplitude, initial density, and confining stress on it was examined. The results showed 
that those factors had a small effect on the cyclic minimum void ratio, and cyclic minimum void ratio is useful to 
represent the compression characteristics of soils, irrespective of types and content of fines. Particle shape, which 
was represented by FU, showed correlation with dry and cyclic minimum void ratios, whereas mean grain size and 
grain size distribution displayed low correlation.  
 
Figure 1. Dry and water immersion minimum void ratio 
 
A new laboratory testing method, which combines constant stress amplitude cyclic shear, constant strain amplitude 
cyclic shear, monotonic loading, and drainage, was proposed. In the method, ground response and stress condition 
can be considered, and consequent precise evaluation was possible. A set of liquefaction test was performed using 
the new laboratory testing method. The test was conducted with specimens which were made by clean sands, sand-
silt mixtures, and natural silty soils, in order to examine the effect of fines on the post-liquefaction deformation 
characteristic.  
Density index is critical for the evaluation of both liquefaction resistance and post-liquefaction deformation. A 
density index, ultimate volumetric strain, for evaluating the post-liquefaction deformation was proposed based on 
the inspection of the minimum void ratio characteristics, and is expressed as 
 





in which, 𝑒0 = initial void ratio and 𝑒𝑚𝑖𝑛.𝑐 = cyclic minimum void ratio. The ultimate volumetric strain implies 
the volumetric strain which can be generated by the repetition of liquefaction and drainage. It is supposed that 
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resistance, ductility after liquefaction, and post-liquefaction deformation were examined with relative density, 
skeleton void ratio, and the ultimate volumetric strain, and applicability of each density index for the post-
liquefaction deformation was studied. The results showed that the effect of non-plastic fines on liquefaction 
resistance and ductility after initial liquefaction differed according to the density index utilized. The materials which 
have an angular particle shape presented stronger liquefaction resistance and larger ductility after liquefaction than 
those of materials having more round particle shape, when the ultimate volumetric strain was identical.  
  
Figure 2. Shear strain developed during post-
liquefaction monotonic loading 
 
Figure 3. Post-liquefaction volumetric strain against 
each density index 
Figure 2 and 3 depict the post-liquefaction shear strain and volumetric strain against each density index. The 
ultimate volumetric strain showed good performance for the post-liquefaction volumetric strain, regardless of the 
types and amount of fine content. In addition, post-liquefaction shear strain can be evaluated approximately, based 
on the ultimate volumetric strain. The test results well coincided with the previously proposed model regardless of 
fines content when ultimate volumetric strain was adopted as density index, even though the model was developed 
based on the test result of clean sand. Finally, a chart for estimating the post-liquefaction volumetric strain was 
proposed for practical estimation (Fig.4). 



















































 Iide silica sand 7     Q10
 Gifu silica sand 7   Q30
 Iwaki sand 6           Q50
 DL10                      A10
 DL20                      A30
 DL30                      Aratosawa
 DL50                      Urayasu
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Figure 4. A chart for estimating the post-liquefaction 
volumetric strain 
Figure 5. Critical shear strain against the ultimate 
volumetric strain 








      Volumetric strain 
v
  Clean sand    Silty sand
 1~2%  1~2%
 2~3%  2~3%
 3~4%  3~4%
 4~5%  4~5%
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Generally, liquefaction assessment has been classified into two parts: evaluation of the occurrence of liquefaction 
and evaluation of post-liquefaction damage. While a method for the evaluation of the occurrence of liquefaction has 
been established and utilized widely in practice, a method for the evaluation of the post-liquefaction damage is still 
insufficient. The utilization method of the laboratory testing method proposed for the liquefaction assessment was 
shown. Based on the liquefaction test result, no liquefaction, possibility of liquefaction, limited damage, and large 
damage can be distinguished simply. In addition, reduction in stiffness after initial liquefaction, post-liquefaction 
shear strain, and post-liquefaction volumetric strain can be evaluated precisely.  
A concept of critical shear strain where shear stiffness does not recover was introduced to estimate the post-
liquefaction damage potential. In other words, the critical shear strain implies minimum deformation occurred when 
ground liquefied, irrespective of ground condition. It was found that the critical shear strain varied with particle 
shape and fines content, even though the ultimate volumetric strain is identical (Fig.5). Simplified equation was 
proposed to estimate the critical shear strain of soils and expressed as  
 







where, B = coefficient relating the particle shape and fines content. An assessment procedure was proposed for 
evaluating the post-liquefaction damage potential. Based on the critical shear strain, post-liquefaction damage 
potential was simply classified into 2 types; “limited damage” and “limited or large damage”. Provide large damage 
is expected, the countermeasure is recommended without precise consideration of deformation. If else, precise 
damage evaluation is required. For material classified as limited or large damage, an example of application for 
evaluating the precise amount of post-liquefaction damage was presented, considering the ground condition such as 
level ground, slope with low gradient, embankment, and coastal area. Estimation of volumetric strain was conducted 
based on the relationship between accumulated shear strain and volumetric strain, for level ground (Fig. 4). An 
empirical model was suggested to estimate the shear strain which is required to recover a certain shear stress, based 
on the test results conducted prior chapter, and adopted to evaluate the damage of embankment considering the 
shear stress required to stop the deformation. Lastly, maximum volumetric and shear strains were obtained for low 
gradient ground and coastal area. It was shown that pre-screening is possible, based on the critical shear strain. 
Furthermore, post-liquefaction damage potential assessment results varied, even though pre-screening result was 
identical, when the precise damage assessment was conducted considering the ground condition.  
In this study, post-liquefaction damage potential assessment procedure was proposed on the basis of the ultimate 
volumetric strain and examination of the post-liquefaction deformation characteristics. It was confirmed that 
evaluation of damage potential is possible in accordance with the assessment procedure considering the ground 
condition and earthquake level, irrespective of types and content of fines. 
The outcome of this research would assist the geotechnical engineers in evaluating the post-liquefaction damage 
potential, regardless of the types and amount of fines. 
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